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Abstract The polymerase chain reaction coupled with
denaturing gradient gel electrophoresis (PCR-DGGE) has
been used widely to determine species richness and structure
of microbial communities in a variety of environments.
Researchers commonly archive soil samples after routine
chemical or microbial analyses, and applying PCR-DGGE
technology to these historical samples offers evaluation of
long-term patterns in bacterial species richness and commu-
nity structure that was not available with previous technology.
However, use of PCR-DGGE to analyze microbial commu-
nities of archived soils has been largely unexplored. To
evaluate the stability of DGGE patterns in archived soils in
comparison with fresh soils, fresh and archived soils from
five sites along an elevational gradient in the Chihuahuan
Desert were compared using PCR-DGGE of 16S rDNA.
DNA from all archived samples was extracted reliably, but
DNA in archived soils collected from a closed-canopy oak
forest site could not be amplified. DNA extraction yields
were lower for most archived soils, but minimal changes in
bacterial species richness and structure due to archiving were

noted in bacterial community profiles from four sites. Use of
archived soils to determine long-term changes in bacterial
community structure via PCR-DGGE appears to be a viable
option for addressing microbial community dynamics for
particular ecosystems or landscapes.

Introduction

Archiving of soil samples is an important component of
long-term ecological research and can provide a unique
opportunity to address questions with new techniques, refine
measurements of soil processes, or obtain data from a
landscape or continental scale. In fact, the current under-
standing of the rate of soil organic matter turnover was
developed using archived soil samples [14]. Archiving
recommendations [2] indicate that soils be air-dried and
stored at room temperature, after which samples can be held
for an indeterminate length of time, depending upon the
intended use.

Many soil samples were archived before the advent of
polymerase chain reaction (PCR) and denaturing gel
gradient electrophoresis (DGGE), but long-term compar-
isons of bacterial communities housed in some soil archives
have been performed [4]. DNA is known to be stabilized in
some soils [3, 6, 13], and a recent survey of the eukaryotic
diversity of air-dried soil samples collected from soil in The
Netherlands from 1942 to 1975 [7] confirmed that it was
possible to use this approach for a variety of organisms.
Stability of DNA in various soils must be evaluated if
archived soils are to be used for historical studies of
microbial species richness and community structure. How-
ever, no studies have attempted to evaluate changes in
community structure incurred during the archiving process
by using DGGE methodologies.
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To evaluate the impacts of drying and storage on
bacterial DNA in air-dried soil samples, PCR-DGGE
profiles of 16S rDNA that was extracted immediately after
sampling were compared with extractions of the same soils
after being archived for 30 months.

Materials and Methods

Study Site

Soils were sampled from five sites along the Pine Canyon
Watershed in the Big Bend National Park region of the
Chihuahuan Desert [19]. Each site represents unique
elevation and vegetation components [11]. The lowest
elevational site is a lowland desert scrub (GS) which lies
at 793 m. The second site is a creosote–bush bajada (CR) at
an elevation of 1,010 m. The midelevational site is a sotol
grassland (SG) at an elevation of 1,526 m. The fourth site is
a closed-canopy oak forest (OF) at an elevation of 1,824 m.
The highest elevational site is an oak–pine forest (LM) at
an elevation of 2,098 m.

Soils along the Pine Canyon Watershed have an
extremely rocky A horizon with little profile development
and no litter layer, except in the forested sites or under
shrubs. Soils at each location are described as a Lajitas rock
outcrop complex by United States Department of Agriculture
soil surveys [15]. Soils in the forested locations generally
have either a mollic–argillic–rock or a mollic–rock horizon
sequence, whereas vegetation zones at lower and drier
elevations have an ochric–rock horizon sequence.

Sample Collection and Archiving

Composite soil samples (∼300 g) were obtained from a
depth of 15 cm along two belt transects (100 m) during
January 2004. Each sample was passed through 2.0-mm
sieves to remove large debris, and samples were stored in
freezer bags at 4°C until they could be processed (3 days).
Soils were air-dried for 2 weeks by opening freezer bags and
exposing samples to ambient temperature (22°C) and
humidity (25%) on a laboratory bench. Subsequently, sample
bags were resealed and archived at room temperature (22°C)
in sealed boxes as recommended [2]. The same soil samples
from which DNA was extracted for PCR-DGGE analysis
in January 2004 were retrieved from the archives during
June 2006, and DNA was re-extracted using the same
procedure as used on fresh samples (described below).

Soil Nutrient and Edaphic Measurements

Microbial biomass carbon (MBC) was determined by the
chloroform-fumigation (48 h) technique [18] with the

amount of extracted carbon evaluated spectrophotometri-
cally at 280 nm [9]. Percent soil moisture (%M) was
determined by oven-drying soils at 60°C for 24–48 h. The
percentage of soil organic matter (SOM) was determined by
combusting 10 g of soil (dry weight) at 450°C to determine
mass loss on ignition [12, 17]. Soil pH was measured with
an Orion pH probe from a 2:1 paste of 5 g soil added to
10 mL of glass-distilled water (ATI Orion, Boston, MA,
USA) at room temperature [10]. Extractable ammonium–
nitrogen (NH4

+-N) was eluted from soils with 2.0 M KCl
[17] and converted to a concentration (in milligrams per
kilogram) using spectrophotometric measurements of
samples and a standard curve. Extractable nitrate–nitrogen
(NO3

−–N) levels were determined with ion-specific probes
by A&L Plains Laboratories (Lubbock, TX, USA). Bulk
densities at each location were calculated using the sand-
replacement technique [1]. Soil temperatures were collect-
ed at 15 cm depths using Onset temperature probes
(Bourne, MA, USA) at 36-min intervals. Soil nutrient
and edaphic measurements for all sites are presented in
Table 1.

Molecular Analyses

From each sample, DNAwas extracted from a 0.5-g portion
of sieved soils using MoBio UltraClean™ soil DNA kits.
Quality of extracted DNA was checked using 0.7% (w/v)
agarose gels. Extractions were quantified using absorption
measurements (260 nm) on a NanoDrop ND-1000™
spectrophotometer (NanoDrop Technologies, Wilmington,
DE, USA). Extractions were diluted with sterile, glass-
distilled water for amplifications. Freshly extracted soil
DNA was stored at −20°C permanently.

Amplification via PCR was done with the 341fgc and
534r oligonucleotides targeting 16S rDNA [8]. Each
amplification contained 25 ng of DNA, 20 pmol of each
oligonucleotide, 400 μM each deoxynucleotide triphos-
phates (dNTP), 1× polymerase buffer, and 1.5 U Taq
polymerase in a final volume of 25 μL. TaKaRa Ex Taq™
DNA polymerase, polymerase buffer, and dNTP mixtures
were used for all amplifications (TaKaRa Mirius Bio,
Madison, WI, USA). Amplification profiles consisted of
one cycle of 98°C for 1 min. This long denaturation was
followed by 35 amplification cycles of 98°C for 15 s,
51°C for 45 s, and 72°C for 1 min. Amplification cycles
were followed by a single extension of 72°C for 10 min.
Amplifications were performed in a 96-well gradient
block RoboCycler™ with a hot top (Stratagene, La Jolla,
CA, USA). Products were checked on 0.7% (w/v) agarose
gels prior to DGGE. Each DNA extraction was amplified
twice for DGGE analyses to provide a reference for
inherent variability among amplifications from a single
DNA extraction.
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DGGE was performed using a DCode system and 16×
16 cm plates (Bio-Rad, Hercules, CA, USA). Gels were
composed of a 30–65% urea and formamide denaturing
gradient and an 8–10% acrylamide size exclusion gradient.
Nondenaturing, stacking gels (8% acrylamide) were added
above the gradient. All electrophoresis was done at 60°C
for 1,000 V·h. After electrophoresis, gels were stained in
a solution of 1× TAE and 0.5 mg/L of ethidium bromide
for 20 min. Gels were visualized using a Kodak Gel Logic
440 and its bundled software (Kodak Molecular Imaging
Systems, New Haven, CT, USA). Urea, acrylamide, tetra-
methylethylenediamine, ammonium persulfate, and 50×
TAE buffer were purchased from Bio-Rad. Formamide was
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Statistical Analyses

Images were cropped and enhanced using the color-leveling
feature of Adobe Illustrator CS2 (Adobe Systems, San Jose,
CA, USA). Replicate amplifications of each DNA extrac-
tion for both the freshly extracted and archival samples
were run in contiguous lanes to avoid visualization/staining
artifacts.

Bands were manually counted on screen by two individ-
uals for each DGGE lane. Sitewise counts were compared
using paired t-tests (Systat 9, Chicago, IL, USA). Amplifi-
cations from both soil samples were used as replicates for
both freshly extracted and archived soils (n=4 for each soil
type). Statistical analyses linking microbial community
composition to abiotic factors do not appear in this study.
Such analyses are not possible with small sample sizes and
were beyond the scope of the concepts presented in this
article.

Results and Discussion

DNA extractions were successful for all archived soils, but
yields were lower for archival than for freshly sampled soils
(Table 2). However, amplifications of extracted DNA were
successful for only four of the five sites sampled. Triplicate
attempts at amplification failed from each of four separate
extractions from archival, closed-canopy, oak forest soils
(12 total amplifications).

DGGE lanes (Fig. 1) showed similar species richness
profiles in amplifications of fresh and archived soil

Table 1 Mean soil nutrient and edaphic measurements of each of the five sampling sites along the Pine Canyon Watershed in the Big Bend
National Park region of the Chihuahuan Desert during January 2004

Soil temperature (°C)

Site Elevation
(m)

pH SOM
(%)

MBC
(μg/g)

%M Bulk density
(g/cm3)

NO3
−–N

(mg/kg)
NH4

+–N
(mg/kg)

Mean
low

Mean
high

Max
high

GS 793 8.2 5.6 224.8 7.4 1.5 4.2 16.4 24 29 43
CR 1,010 8.1 2.4 166.7 4.6 1.2 2.9 12.1 22 28 40
SG 1,526 6.0 3.6 541.9 16.5 1.5 6.0 25.8 18 23 34
OF 1,824 7.3 14.9 4203.7 22.7 1.2 3.6 29.1 13 19 28
LM 2,098 6.5 11.5 1292.8 24.0 1.5 4.3 27.1 13 15 23

Sites sampled included a lowland desert scrub (GS), creosote–bush bajada (CR), sotol grassland (SG), closed-canopy oak forest (OF), and an oak–
pine forest (LM). Soil temperatures were measured at 15-cm depths and represent 4-year means. All data except bulk density (n=2) represent
sitewise means (n=20)
SOM percent soil organic matter, MBC microbial biomass carbon (in micrograms per gram), %M percent soil moisture, NO3

− –N extractable
nitrate–nitrogen (in milligrams per kilogram), NH4

+ –N extractable ammonium–nitrogen (in milligrams per kilogram)

Table 2 DNA yields from
both freshly extracted
and archived soils

All concentrations represent
concentrations of undiluted,
50-μL extractions

Site, sample no. Fresh samples [DNA]
(ng/μL)

Archived samples [DNA]
(ng/μL)

Lowland desert scrub (GS), sample 1 72.1 18.0
Lowland desert scrub (GS), sample 2 52.9 13.8
Creosote–bush bajada (CR), sample 1 47.7 11.6
Creosote–bush bajada (CR), sample 2 73.1 10.6
Sotol grassland (SG), sample 1 101.4 20.1
Sotol grassland (SG), sample 2 40.4 30.1
Closed-canopy oak forest (OF), sample 1 71.9 107.5
Closed-canopy oak forest (OF), sample 2 139.8 36.5
Oak–pine forest (LM), sample 1 33.8 18.6
Oak–pine forest (LM), sample 2 20.7 13.0
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extractions from the other four sites along the watershed,
but closer inspection revealed subtle differences in com-
munity profiles. Replicate amplifications of the same DNA
extraction were consistent, but replicate soils did show some
variation. The majority of prominent and low-intensity bands
for freshly extracted soils were represented in amplifications
of archived soils. However, intensity of bands commonly
varied between fresh and archived soil samples for all
samples of all sites. In general, both fresh and archived
extractions of the low-elevation desert scrub site (GS) gave
similar quality DNA banding profiles. However, soils of CR,
SG, and LM showed a slight decrease in both intensity and
clarity of DNA banding profiles in archived soils.

Some differences were observed between extractions of
fresh and archived soils for several sites. Most differences
in profiles were bands that were observed in freshly
extracted samples but not in archived soil extractions. Such
bands are indicated with arrows to the left of the gel panes
in Fig. 1. In contrast, two cases were noted of bands
appearing only in amplifications of archived soil extractions
in CR and LM samples. Such bands are denoted with
arrows to the right of the gel panes in Fig. 1. Because
numbers of differences observed in soil samples were used
to evaluate the utility of archived soils for molecular
studies, differential bands were not excised and sequenced
for identification.

Band counts for each lane of the DGGE showed some
decrease in numbers for archived soils (Fig. 2). However,
differences in band counts between fresh and archived soils
were significant (t=4.284; p=0.023) for only the lowland
desert scrub site (GS). Replicate amplifications of bacterial
DNA in both fresh and archived soils from GS exhibited
low intrasample variation, which likely accounted for the
significant difference in band counts. While not statistically
significant, greater variability was observed for replicate
soils sampled from the creosote bajada (CR; t=1.954; p=
0.146), sotol grasslands (SG; t=2.456; p=0.091), and oak–
pine forest (LM; t=1.963; p=0.144) sites.

Studies of microbial detection in archived soils have
been performed on soil samples much older than those of
this study. Soil samples collected from The Netherlands and
archived for 31–64 years were used for a PCR-DGGE study
of eukaryotes [7]. A PCR-DGGE study of a Bacillus group
was also performed on diverse fresh soil samples and soil
samples that had been archived for 11–62 years [16]. These
studies demonstrated that bacterial DNA was stable in soils
that had been archived for many years, but neither study
could compare molecular community profiles of freshly
collected soil samples to the same samples after they were
archived. Fresh and archived community profiles from four
locations along the watershed were relatively stable over
the 30-month timeframe for this study, but data presented in

Figure 1 PCR-DGGE analyses
of bacterial communities in
fresh and archived soils of the
Pine Canyon Watershed in the
Big Bend National Park region
of the Chihuahuan Desert. Sam-
ples shown were collected from
a lowland desert scrub (GS), a
creosote bajada (CR), a sotol
grassland (SG), and an oak–pine
forest (LM). Portions of gel
images containing no bands
were cropped. Each gel pane
consists of two amplifications of
each DNA extraction to provide
a reference for variability among
amplifications of the same soil
extraction. Each gel pane shows
replicate amplifications of a
DNA extraction from the same
soil sample when the soil was
fresh and after the soil was
archived. Two independent soil
samples were used from each
site. Arrows to the left of gel
panes indicate bands that are
present in fresh but not archived
soils. Arrows to the right of gel
panes indicate bands that are
present in archived but not fresh
soils
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this article cannot conclusively demonstrate that longer
archival periods would not cause changes to accrue.

Visualization of bands could have been impaired due to
subtle differences in staining or image capture. It is also
possible that bands were lost because particular DNA
templates were subject to degradation over the 30-month
period of archiving. Although decreases in band counts and
amplification quality were observed with archived soils,
most archived samples yielded bacterial community profiles
that were similar to those observed from amplifications of
DNA extracted immediately after sample collection. Con-
tamination associated with the archiving process was
minimal, and bands present in archived soils but not in
fresh soils could represent visualization artifacts or bacteria
that were introduced during the air-drying and routine
handling throughout the archiving process.

DNA of bacterial communities in soils with low levels of
soil organic matter (lowland desert scrub and creosote
bajada sites) appeared to be more stable when archived.
However, archived bacterial communities associated with
soils with high levels of soil organic matter (sotol grassland
and oak–pine forest sites) gave profiles comparable to those
of freshly extracted soils. DNA extractions of archived soils
from the closed-canopy oak forest could not be amplified.
Reasons for failures could not be discerned, as all extractions
were of good yield and quality. Freshly extracted OF soils
could be amplified within two attempts (not shown).
Amplification of DNA extractions from OF soils are always

more difficult than those of other sites sampled along this
watershed. Amplification difficulties in these soils could be
attributed to the higher litter and humic acid content of OF
soils, relative to soils from other sites along the watershed,
and future studies of these soils will likely require
alternative methods for removal of humics [5].

Although minimal loss of bacterial diversity was
observed for the 30-month period, extended storage periods
could have resulted in more extensive damage. Soils from
more mesic locations or which contain high levels of
SOM may result in either difficulty with DNA amplifica-
tion or greater loss of bacterial DNA. Soils that are to be
archived should be air-dried soon after initial molecular
evaluation to possibly reduce subsequent problems with
DNA degradation.

Countless laboratories and research institutes have
archived soil samples that were used for routine soil
chemistry measurements. It is likely that microbiological
studies of archived soils have been neglected because
culture methods are no longer an option for most microbes
that were archived within the soils. Based upon results
presented in this study and others [4, 7, 16], community
structure preserved in archived soils collected from arid
regions with low levels of soil organic matter can be
analyzed using modern molecular techniques with confi-
dence. Use of molecular techniques for community structure
analysis in soils with higher moisture content and dense
vegetation were more variable and warrant further studies.

Figure 2 Band counts from PCR-DGGE analyses of soil bacterial
community structure in fresh (black) and archived (gray) soils.
Samples shown were collected from a lowland desert scrub (GS), a
creosote bajada (CR), a sotol grassland (SG), and an oak–pine forest
(LM). Replicate amplifications of DNA extractions of fresh and

archived soils were compared in an independent, paired t-test for each
site. Significant differences (p<0.05) in band counts between fresh
and archived soils were found for only GS samples (indicated with a
and b over the bars). Significant differences were not detected for soils
of other sites (NS). Site codes correspond to those in Fig. 1
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